Abstract. Radiotherapy (RT) is one of the most important treatments for prostate cancer. Although RT can kill cancer cells through direct and indirect effects of radiation, it occasionally induces an abscopal effect whereby localized radiation treatment is associated with elimination of metastatic cancer at a distance from the irradiated area. Thus, RT may induce an effective antitumor immune response, although the mechanism involved has remained unclear. The present was designed to evaluate this effect of RT in 36 patients with prostate cancer who provided informed consent prior to enrollment in this clinical trial. Peripheral blood samples were collected periodically after low-dose-rate (LDR) prostate brachytherapy, and lymphocyte subsets were analyzed by flow cytometry. The proportion of activated T cells (CD3 + HLA-DR + , CD4 + HLA-DR + and CD8 + HLA-DR + ) in peripheral blood revealed a gradual and bimodal increase after LDR brachytherapy, whereas memory CD8 + T cells bimodally decreased after treatment. The ratios of activated T cells and regulatory T cells gradually increased after the treatment. Thus, LDR brachytherapy was demonstrated to induce effective immune responses in patients. This increase of activated T cells may contribute to maintenance of remission and reduction of relapse rates.
Introduction
The efficacy of prostate cancer (PCa) detection based on the serum level of prostate-specific antigen (PSA) coupled with the use of ultrasound-guided random systematic prostate biopsy has led to a marked improvement in diagnostic accuracy and treatment. However, PCa morbidity and mortality rates have also increased markedly in Japan and other countries.
The effectiveness of radiotherapy (RT) in particular has improved as a result of the development and introduction of computer software and treatment devices. RT is currently a standard treatment for various malignant tumors, including those of the breast, lung and prostate. RT for PCa can be classified as external beam RT or brachytherapy. The former includes intensity-modulated radiation therapy (IMRT), 3-dimensional conformal radiation therapy (3D-CRT) and stereotactic radiotherapy (SRT), whereas the latter includes iridium-192 high-dose-rate (HDR) and iodine-125 low-dose-rate (LDR) brachytherapy. Permanent iodine-125 LDR brachytherapy is one of the important curative treatments currently available for localized PCa. Either HDR or LDR brachytherapy can deliver a high dose rate to the prostate parenchyma in comparison with external irradiation treatments (1) .
RT for localized PCa may directly kill tumor cells. Clinically, however, patients receiving RT occasionally show an abscopal effect whereby not only local, but also distant tumors regress after localized irradiation (2) . It has been reported that treatment-associated autoantibodies were detectable in 29.2% (7 of 24), 13 .8% (4 of 29), 25% (5 of 20) and 5.6% (2 of 36) of PCa patients who had undergone neoadjuvant hormone therapy, external beam RT, brachytherapy and radical prostatectomy, respectively (3) . It has also been reported that patients who had received RT exhibited an increased count of survivin-specific cytotoxic CD8 + T cells (4) . In a pre-clinical study of cancer-bearing mice, Takeshima et al found that the efficacy of tumor reduction by RT declined after CD8 + T cell depletion (5) . Although RT may induce some immune responses, the details are still not clear. Irradiation has been revealed to induce many immunomodulators from apoptotic and necrotic tumor cells, including tumor-associated antigens, heat shock proteins (HSPs), high mobility group box 1 (HMGB1), and adenosine triphosphate (ATP) (6,7). These immunomodulators can activate immature dendritic cells (DCs), which in turn may enhance inflammatory responses and activate T cells, including tumor antigen-specific T cells.
As aforementioned, permanent I-125 LDR brachytherapy is an important curative treatment for localized PCa. we consider that LDR may initiate continuous immune stimulation through gradual disruption of the prostate parenchyma by the LDR seed implant. In the present study, therefore, to clarify the immune responses of PCa patients receiving LDR brachytherapy, we studied the dynamics of leukocyte subsets in peripheral blood altered before and after the treatment.
Materials and methods
Patients. The present study subjects were 36 patients with clinically localized PCa who underwent I-125 brachytherapy. The patients characteristics are shown in Table I . All of the patients gave study-specific informed consent, which was approved by the Institutional Review Board for Observation and Epidemiological Study (kMEO B13-62). The present study approved by the kitasato university Medical Ethics Organization Leukocytes immunophenotyping. The immunophenotyping was monitored approximately every ~3 months (Fig. 1) . EDTA-2Na-treated whole blood (100 µl) was incubated with the following fluorescence-conjugated monoclonal antibodies (MAbs) against the following: CD1c (PE/Cy7; cat. . After incubation at room temperature for 15 min, red blood cells were lysed with BD fACS lysing solution (Becton-Dickinson, San Jose, CA). fSC and SSC were set to distinguish the lymphocyte, macrophage, and granulocyte populations from debris with a MACSQuant flow cytometer (Miltenyi Biotec GmbH, Bergish Gladbach, Germany). Multicolor immunofluorescence analysis was performed using 10,000 lymphocytes for each analysis.
Statistical analysis. Statistical significance was analyzed using the Student's t-test. Differences were considered statistically significant at P<0.05.
Results
Comparison of circulating leukocyte subsets before and after LDR brachytherapy. To study the efficacy of the immune responses, we investigated whether the proportion of lymphocytes, monocytes and granulocytes in peripheral blood was affected by the LDR brachytherapy. we then compared the LDR, low-dose-rate; PSA, prostate-specific antigen. In contrast, the proportion of B cells (CD3 -CD19 + cells gated on lymphocytes) was significantly and bimodally decreased after the therapy ( fig. 3A and B) . we also analyzed the proportion of T cell subsets. The proportion of helper T cells (CD3 + CD4 + cells gated on lymphocytes) and killer T cells (CD3 + CD8 + cells gated on lymphocytes) before and after LDR brachytherapy did not differ significantly (Fig. 3A, E and F) . These results revealed that granulocytes may be increased in peripheral blood due to the induction of inflammatory responses in the irradiated PCa, and that B cells may be depleted from peripheral blood due to migration of antigen-recognizing B cells from peripheral blood to the irradiated PCa.
Comparison of circulating activated T cell subsets and monocyte-derived suppressor cells before and after LDR brachytherapy.
To clarify whether activated T cell subsets were effectively induced, we next investigated the activation of T cell subsets in patients who had received LDR brachytherapy. we also compared the proportion of activated T cell subsets before and after LDR brachytherapy. The proportion of activated T cell subsets (CD3  + HLA-DR   +   ,  CD4 + HLA-DR + and CD8 + HLA-DR + ) were significantly and gradually increased after LDR brachytherapy ( fig. 4) . Previous studies have indicated that RT used against cancer can induce myeloid-derived suppressor cells (MDSCs), which can suppress immune responses by producing inhibitory cytokines. Therefore, we investigated the proportion of MDSCs (CD11b + CD14 + HLA-DR -gated on monocytes) before and after LDR brachytherapy and found that MDSCs were significantly decreased after 201 days of LDR brachytherapy ( fig. 5A and B) . This suggested that the immune responses induced by LDR brachytherapy may gradually activate both CD4 + and CD8 + T cell subsets, whereas reduction of MDSCs may affect T cell activation.
Comparison of circulating naïve and memory T cell subsets.
To study the details of naïve and memory T cell responses in patients who had received LDR brachytherapy, we examined the proportion of circulating naïve (CD45RO -gated on CD4 + or CD8 + cells) and memory (CD45RO + gated on CD4 + or CD8 + cells) T cell subsets. Naïve CD4 + T cells were significantly increased at an early stage after the start of LDR brachytherapy. In contrast to naïve CD4 + T cells, memory CD4 + T cells were significantly decreased at an early stage after the start of LDR brachytherapy ( fig. 6A-C) . In contrast, naïve CD8 + T cells were significantly and bimodally increased and memory CD8 + T cells were significantly and bimodally decreased ( fig. 6D-f) . These results demonstrated that memory CD4
+ and CD8 + T cells were effectively induced to migrate from blood vessels to the local prostate environment. 
Correlations among circulating memory CD8
+ T cell subsets. To further study the details of memory CD8 + T cell subsets in patients who had received LDR brachytherapy, we analyzed the correlation of central memory (CM) with effector memory (EM) CD8 + T cells before and after LDR brachytherapy. After the therapy, the inverse correlation of CM 
CCR7
-) CD8 + T cells, another EM subset, was gradually and bimodally increased after the therapy ( fig. 8) . These results revealed that effector memory CD8 + T cells, which play an important role in the antitumor immune response, may be effectively induced by LDR brachytherapy.
Comparison of the circulating regulatory T cell (Treg) ratio
relative to activated T cell subsets. Our results indicated that some immune responses, including the activation of T cell subsets, appeared to be evident from the start of LDR brachytherapy until ~200 days later. The proportion of the Treg subset was significantly increased after the start of LDR brachytherapy ( fig. 9A ). To determine whether Treg cells were affected by the induction of activated T cell subsets, we analyzed the ratios of T cell subsets or activated T cell subsets relative to Treg. The ratios of CD4 + and CD8 + T cell subsets relative to Tregs did not change significantly during the observation period ( fig. 9B and C) . In contrast, we observed that the ratios of activated CD4 + and CD8 + T cell subsets relative to Tregs were significantly increased at ~200 days after the start of LDR brachytherapy ( fig. 9D and E) . These results revealed that the increase in activated T cell subsets may affect the reduction of the Treg subset induced by LDR brachytherapy.
Discussion
Radiotherapy (RT) is a standard treatment for prostate cancer. Clinically, although RT directly induces cancer cell killing, an abscopal effect whereby regression of distant tumors occurs following local irradiation is occasionally observed (2) . However, details of the mechanisms involved and the induced immune responses in prostate cancer (PCa) patients who received RT have not been well defined. In the present study, we investigated in detail the dynamics of systemic leukocyte subsets before and after RT, and found that activated T cells subsets and effector memory CD8 + T cells were efficiently increased in patients who received LDR brachytherapy.
with regard to the relationship between RT and immune responses, Stone et al revealed that immunosuppressed thymectomized mice require more than twice the radiation dose for control of fibrosarcoma in comparison with normal syngeneic mice (8) . Moreover, in cancer-bearing mice, Takeshima et al reported that the efficacy of tumor rejection induced by RT decreased after CD8 + T cell depletion (5). furthermore, in mice inoculated with EL4 lymphoma cells, local irradiation successfully controlled EL4 tumor growth and the mice survived. The mice then rejected the tumor after re-inoculation of EL4 lymphoma cells (9) . Several clinical studies have demonstrated an abscopal effect of RT whereby distant metastatic tumors are rejected or decreased following localized irradiation (2, 10) . Although this abscopal effect is an infrequent phenomenon, it has recently been reported in patients who have undergone RT coupled with immunotherapies such as inoculation with toll-like receptor (TLR) agonists, anti-transforming growth factor β (TGfβ), anti-CD152 (CTLA-4) and anti-programmed death-1 (PD-1) receptor antibodies (11, 12) . CTLA-4 and PD-1 have received notable attention as important immune checkpoint molecules. As aforementioned, the antitumor efficacy by RT is considered to be closely associated with the induction of immune responses. However, the immune responses in patients who have received RT are not well defined. In particular, the alterations in the immune responses of patients receiving LDR brachytherapy have never been previously reported.
In the present study, we found that activated T cell subsets were significantly and gradually increased after LDR brachytherapy. Although the precise mechanism responsible for this T cell-subset activation was not clear, an inverse reduction of MDSCs and regulatory T cells (Tregs) may be involved. kachikwu et al reported that radiation treatment increased (15) . Therefore there is a need to investigate cytokines and chemokines in the plasma of patients before and after LDR brachytherapy. we also observed that naïve T cells in peripheral blood were bimodally and significantly increased after LDR brachytherapy, whereas memory T cells were decreased. These results suggest that memory T cells, particularly memory CD8 + T cells, may infiltrate from the peripheral blood to the irradiated PCa, leading to a relative increase of naïve T cells in peripheral blood. However, Tabi et al previously reported that the proportion of apoptotic and fas + naïve (CD45RA + ) T cells was increased in patients who received external beam radiotherapy (EBRT) (16) . Our findings were inconsistent with their results. LDR brachytherapy may have limited influence on the immune system due to internal localized irradiation. In the present study, we found that some leukocyte subsets in patients who received LDR brachytherapy were dynamically and sequentially changed. In the future, to demonstrate the role of activated T cells and regulatory cells in remission and relapse rates, we will endeavor to compare overall survival rates, relapse rates, and T cell activation in PCa patients receiving LDR brachytherapy. Although we observed some dynamic immune responses in LDR patients, we did not investigate details of the immune response in patients who received other radiotherapies, including HDR. In the next step, a comparison of the immune responses of patients who have received other treatments is warranted.
In conclusion, we have shown for the first time that the proportion of activated T cell subsets in peripheral blood was gradually and significantly increased after LDR brachytherapy. In contrast, the proportion of Tregs and Mo-MDSCs was significantly decreased after 200 days of LDR brachytherapy. The increase of activated T cell subsets resulting from LDR brachytherapy may help to maintain remission and reduce relapse rates. The decrease of Tregs and Mo-MDSCs may be related to the increase of activated T cell subsets.
